Background: Wearable monitors (WMs) are used to estimate the time spent in sedentary behaviors (SBs) and light-intensity physical activities (LPAs) and their associated energy cost; however, the accuracy of WMs in measuring behaviors on the lower end of the intensity spectrum is unclear. The aim of this study was to assess the validity of 3 WMs (ActiGraph GT3X+; activPAL, and SenseWear 2) in estimating the intensity of SB and LPA in adults as compared with the criterion measure of oxygen uptake (VO2) measured by indirect calorimetry. Methods: Sixteen participants (age: 25.38 ± 8.58 years) wore the ActiGraph GT3X+, activPAL, and SenseWear 2 devices during 7 sedentary-to-light activities. VO2 (mL/kg/min) was estimated by means of a portable gas analyzer, Oxycon Mobile (Carefusion, Yorba Linda, CA, USA). All data were transformed into metabolic equivalents and analyzed using mean percentage error, equivalence plots, Bland-Altman plots, kappa statistics, and sensitivity/specificity. Results: Mean percentage error was lowest for the activPAL for SB (14.9%) and LPA (9.3%) compared with other WMs, which were >21.2%. None of the WMs fell within the equivalency range of ±10% of the criterion mean value. Bland-Altman plots revealed narrower levels of agreement with all WMs for SB than for LPA. Kappa statistics were low for all WMs, and sensitivity and specificity varied by WM type. Conclusion: None of the WMs tested in this study were equivalent with the criterion measure (VO2) in estimating sedentary-to-light activities; however, the activPAL had greater overall accuracy in measuring SB and LPA than did the ActiGraph and SenseWear 2 monitors.
Introduction
Sedentary behavior (SB) is an important determinant of health. 1 Accurate assessment of this behavior is useful for epidemiologic research and to evaluate changes for interventions and programs. 2 Self-report has been the most common method of quantifying SB; however, its validity is still under assessment. 3, 4 Therefore, objective measurement with sophisticated wearable monitors (WMs) has emerged to overcome selfreporting biases, yet many challenges accompany their use. [5] [6] [7] [8] [9] To date, the treatment and understanding of the data obtained from WMs is still very limited. 5, 10 Furthermore, most of the available WMs have been extensively evaluated for accuracy in estimating moderate-to-vigorous physical activity (MVPA) and not SB or light-intensity physical activity (LPA). Because many of the adults from developed and developing countries spend most of their time in SB and LPA, 11 it is critical to assess the validity of WMs in measuring SB and LPA. Early work in understanding energy expenditure (EE) has described the lack of ability of WMs to measure EE in the sedentary-tolight intensity spectrum. 12 More recently, Calabró et al. 13 assessed the validity of a variety of WMs in estimating EE during light-to-moderate intensity activities, finding a percentage error ranging from 9.5 to 30.5. Even though their work provides important information for considering whether to use a WM when there is interest in tracking low-intensity activities, several questions remain regarding which are the most valid and reliable objective wearable measures of SB and LPA.
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Currently, there are many types of WM brands available (e.g., ActiGraph (ActiGraph, Pensacola, FL, USA); activPAL (PAL Technologies Ltd., Glasgow, UK); and SenseWear 2 (Body Media, Pittsburgh, PA, USA)) to measure PA and SB that have been extensively evaluated for accuracy in estimating MVPA. However, their ability to estimate EE on the lower end of the intensity spectrum, such as for SB and LPA, is less well known. For example, the ActiGraph, a triaxial accelerometer, measures acceleration in 3 individual axes (vertical, anteroposterior, and mediolateral) and provides activity counts for separate and composite vector magnitude of these 3 axes; however, the primary determination of SB by the ActiGraph is often based on only 1 axis, using an intensity threshold of <100 counts per minute (cpm). There has been some concern about the accuracy of this threshold because it has underestimated sitting time by 5%. Although 150 cpm seems to be a more accurate cutoff point for the ActiGraph WM, 14 there are several proposed cpm thresholds that classify SB in different studies: 50 cpm, 15 100 cpm, 16 150 cpm, 14 and 500 cpm. 17 Another monitor is the activPAL PA logger, a uniaxial accelerometer and inclinometer that identifies walking, sitting, standing, steps, and instantaneous cadence. 18 The activPAL has shown accuracy in distinguishing sitting or lying down from standing postures and in classifying time stepping; 14, 19 however, the estimated metabolic equivalent (MET) values from the activPAL at various speeds (2-4 mph) are significantly different (p < 0.0001) from the criterion of oxygen uptake (VO2). 20 A third example of a monitor to measure SB and LPA is the SenseWear 2, which integrates information from a biaxial accelerometer and other physiological sensors (heat flux, temperature, and galvanic skin response) to provide estimates of EE using a proprietary algorithm. 21 This WM overestimates EE at various walking and running speeds ranging from 2 to 8 mph (p < 0.0001) as compared with the criterion of oxygen uptake (VO2). 22 The accuracy (validity) for each of these WMs in estimating EE during sedentary-to-light activities is unclear. One way to assess validity of the WM is to compare its outputs against a criterion measure (criterion validity). The criterion validity describes the relationship between WM outputs and physiological measures that reflect more directly the energy cost of the activity. Thus, the goal of this study was to examine the validity of 3 WMs (ActiGraph GT3X+, activPAL, and SenseWear 2) in estimating intensity for sedentary-to-light activities in adults as compared with VO2 measured in mL/kg/min. We hypothesized that the validity of EE estimates made by the tested WM (ActiGraph, activPAL, and SenseWear 2) would be low because most of the WMs are validated for measuring MVPA but not SB or LPA.
Materials and methods

Participant information
A convenience sample of 16 participants (n = 8 men, n = 8 women) with an age range of 19-47 years (25.38 ± 8.58 years), body mass index range of 18.8-35.0 kg/m 2 (24.6 ± 4.6 kg/m 2 ), no contraindications for exercise (assessed with the PA readiness questionnaire (PAR-Q)), 23 and ability to walk unassisted on a motorized treadmill at 2.0 mph participated in the study.
Prior to participation, all participants read and signed an informed consent document approved by the Arizona State University Institutional Review Board.
Procedures
Participants were instructed to avoid vigorous exercise the day before the testing and to eat their usual diet. Each participant performed 7 sedentary-to-light activities in a randomly assigned order. Activities close to the LPA threshold of 1.5 METs were selected based on values listed in the 2011 Compendium of PhysicalActivities. 24 Every activity was performed for 7 min, with 4 min of rest between activities. Participants were instructed to be silent during the monitoring periods. The activities were performed twice, with at least 24 h between trials. Participants were instructed to perform the activities as follows: given paragraph. Participants were instructed to sit up straight and maintain that posture while typing. 5. Sitting while gaming (gaming)-be seated and quietly play a board game, which required the participant to put 5 objects in a defined order. Participants also rolled a die and moved their game piece a certain number of spaces based on their score from ordering the objects. Participants competed against the researcher to more accurately simulate playing a board game.
WMs
Each participant wore the 3 WMs under assessment and the criterion monitor simultaneously during the 7 selected activities. The criterion measure, VO2 in mL/kg/min, was determined with the Oxycon Mobile portable metabolic unit (Carefusion, Yorba Linda, CA, USA); 25 the unit was calibrated before each test according to the manufacturer's specifications.
The ActiGraph was worn on an elastic belt on the right hip. The ActiGraph was initialized to collect data at 30 Hz. The activPAL was worn on the anterior and medial portion of the right thigh attached to the skin by hypoallergenic medical tape. The SenseWear 2 was worn on the left upper arm of the individual using the factory-provided elastic strap.
Data management and processing
Researchers kept a written record of the time when each activity was performed; for example, walking 1 mph was performed from 1:00 p.m. to 1:07 p.m. When data collection was complete, data were downloaded from each of the WMs to a desktop computer. Data from 2 trials performed by each of the 16 participants were included for data analysis, resulting in a maximum of 32 trials.
To ensure that a steady state of VO2 had been attained during each activity and to avoid small discrepancies between start and stop times for each activity, the first 2 min (Min 1-2) and the final minute of data (Min 7) were dropped from the analysis. Accordingly, Min 3-6 of each activity were utilized to identify the activity intensity for each WM. This process yielded four 1 min epochs for each subject in each activity.
Capabilities for data summarizing and measurement units are different among the selected WMs; as a result, data output lengths were standardized to a 1 min epoch and the measurement units were standardized to METs. A MET is defined as the energy cost of a specific activity divided by a standard resting EE of 3.5 mL/kg/min. Table 1 summarizes how the measurement units for the criterion and the WM output values were transformed into METs.
Statistical analysis
Analyses were conducted by averaging the four 1 min epochs of each activity into 1 variable reflecting the average energy cost for the activity. The variables were stratified into 2 groups according to their MET values: SB (<1.5 METs: reading, typing, and gaming) and LPA (≥1.5 METs: walking 1 mph, walking 1.5 mph, walking 2 mph, and cleaning). Because each participant completed 2 trials for each activity, we performed a test-retest reliability analysis (intraclass correlation coefficient, ICC) for each WM prior to comparison to the criterion measure.
Mean percentage error (MPE) was calculated to assess the proportion of error for each of the 3 WMs relative to the criterion measure. MPE was calculated using the equation MPE = ((measured score − true score) / true score) × 100. The true score was the criterion value (VO2 in METs), and the measured score was the MET value obtained from each WM. A positive MPE indicated a MET value overestimation for the WM, whereas a negative MPE indicated a MET value underestimation for the WM. 26 Equivalency testing was used to examine whether the MET value for each of the WMs was statistically equivalent to the criterion MET value. Equivalence testing is an alternative approach to testing for significant differences between means. 27 Equivalence testing requires researchers to identify a clinically meaningful range (i.e., equivalence zone) that permits comparisons between the values for WM and the criterion values in the equivalence zone. If the full 90% confidence interval (CI) range of the WM lies within the equivalence zone, then it can be concluded (with α < 0.05) that the WM value is equivalent to the criterion value. Based on previously published work, 28 we established ±10% of the criterion mean MET value as the equivalence zone; by choosing the same values, we will facilitate comparisons when needed.
Bland-Altman plots 29 were used to show the distribution of the error and to assess systematic variation between the criterion MET value and each WM's MET value. The Bland-Altman plot is a graphical method to compare 2 measurement techniques. In this method, the difference score between 2 measures (i.e., criterion MET value minus the WM's MET value) is plotted against the averages of the 2 measures. The error distribution can be observed within 3 horizontal reference lines that are drawn: mean difference (0 deviation line), upper limit of agreement (+1.96 SD), and lower limit of agreement (-1.96 SD). To provide a statistical reference for systematic bias between the criterion MET value and each WM's MET value, the difference score between methods is regressed on the average of the 2 scores. Thus, the regression line provides information about whether the WM value becomes more or less accurate at varying levels of the criterion value. A flat regression line in the Bland-Altman plot indicates that the MET estimate of the WM varies in the same manner as the criterion value; a positive slope indicates that the WM is positively biased when compared with the criterion MET value; and a negative slope indicates that the WM is negatively biased when compared with the criterion MET value. The White test was used to examine the presence of heteroskedasticity. 30 Kappa statistics was used to observe agreement between each WM and the criterion value for classifying activities while taking into account the agreement occurring by chance. 31 Data were dichotomous indicator variables for SB (0) or LPA (1). The kappa value interpretation is based on recommendations from Landis and Koch 32 as follows: 0-0.2 = slight agreement, 0.2-0.4 = fair agreement, 0.4-0.6 = moderate agreement, 0.6-0.8 = substantial agreement, and 0.8-1.0 = almost perfect agreement.
Sensitivity and specificity were calculated to measure the accuracy of the WM in classifying an activity as SB or LPA. Sensitivity is the proportion of true positives (i.e., correct MET category for the WM and the criterion value) that are correctly identified by the WM (true positive proportion). Sensitivity was calculated using the formula: sensitivity = true positives / (true positives + false negatives). 33 A sensitivity value close to 1 shows that the WM is able to accurately classify a high proportion of the activities into the correct category; a sensitivity value close to 0 indicates that the WM fails to classify activities into the correct category. Specificity refers to the proportion of true negatives (i.e., correct exclusion of the WM and the criterion value from the incorrect category) that are correctly classified by the WM (true negative proportion). Specificity was calculated using the formula: specificity = true negatives / (false positives + true negatives). 33 A specificity value close to 1 shows that the WM is able to exclude a high proportion of the activities from being classified into the incorrect category. A specificity value close to 0 indicates that the WM is unable to exclude activities from being classified into the incorrect category. Significance was set at the p < 0.05 probability level. All analyses were performed using SPSS Version 21 (IBM Corporation, Armonk, NY, USA) and SAS Version 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
ICC test-retest values were high for all WMs (0.94, 0.97, 0.99, and 0.85 for Oxycon Mobile, ActiGraph, activPAL, and SenseWear 2, respectively). Table 2 present means, SDs, and 95%CIs in METs for the criterion and all WMs under assessment for SB and LPA, respectively. MPE is presented for the ActiGraph, activPAL, and SenseWear 2 WMs referenced to the criterion value. For both SB and LPA, MPEs were lowest for the activPAL and highest for the SenseWear 2 monitors. When SB and LPA were combined, MPEs were lowest for the ActiGraph and highest for the SenseWear 2.
Based on the equivalence plots listed in Fig. 1 , none of the WMs (and their associated CIs) fell within the equivalency Table 2 Measured MET values and MPE for SB and LPA (both <1.5 METs). range of ±10% for the criterion mean. The ActiGraph fell above the equivalence zone for SB and below the zone for LPA; the activPAL provided estimates closest to the equivalency range for both SB and LPA; and the SenseWear 2 was over the equivalence range for both SB and LPA. Bland-Altman plots (Fig. 2 ) revealed narrower levels of agreement for the WM when measuring SB (0.56, 0.55, and 1.62 METs for ActiGraph, activPAL, and SenseWear 2, respectively) than when measuring LPA (1.42, 1.31, and 2.20 METs for ActiGraph, activPAL, and SenseWear 2, respectively). For SB, the ActiGraph and the activPAL had no pronounced variation across the intensity range, but the SenseWear 2 showed a slight cluster of data points below the mean difference line. The variation for LPA was greater for all the devices compared with the variation observed in SB; the ActiGraph had greater variation at higher intensity levels, with a negative slope indicating a negative bias for EE as the intensity levels increased. Heteroskedasticity was found for the activPAL (p = 0.11) and SenseWear 2 (p = 0.30) for SB but not for LPA. Table 3 shows the kappa statistics for agreement between the WM and the criterion measure to classify SB and LPA as well as results for sensitivity and specificity. There was a slight overall agreement among the instruments for measuring SB. For LPA, the agreement was fair for the ActiGraph and moderate for the activPAL. When data for SB and LPA were combined, the agreement increased markedly. For SB, both the ActiGraph and the activPAL had high sensitivity but low specificity. For LPA, both the ActiGraph and the activPAL had fair sensitivity and good specificity; the SenseWear 2 had good sensitivity but low specificity.
Discussion
The aim of the present study was to examine the accuracy of 3 WMs (ActiGraph GT3X+, activPAL, and SenseWear 2) in estimating EE during SB and LPA in adults as compared with VO2 measured by indirect calorimetry. The results showed overall low accuracy of the 3 WMs in estimating EE in METs. These findings emphasize the need for more refinements in the Fig. 1 . Equivalence plots for sedentary behavior (SB) and light-intensity physical activity (LPA) compared with the criterion measure. Gray areas represent ±10% for the criterion mean (equivalence zone), and black bars represents 90% confidence interval for the test monitor. METs = metabolic equivalents. low spectrum of the EE measurements given the necessity of accurately estimating SB and/or LPA in relation to mortality and chronic diseases. 34 The analyses are relevant, because estimations made by the tested WMs are often used in PA research and commonly used to quantify behaviors in the lower range of intensity. Although the WM validity and reliability has been demonstrated in the moderate-to-vigorous EE spectrum, the tested WMs showed considerable limitations in measuring the metabolic cost of SB and LPA. For example, Calabró et al. 13 examined the validity of EE estimates during sedentary-to-moderate intensity activities for different monitors compared with the Oxycon Mobile. They reported a 25.5% and 22.2% underestimation for the ActiGraph and the activPAL monitors, respectively. Their magnitude of underestimation is similar to what we found in the current study for the ActiGraph (21.2%) but differs for the activPAL (9.3%). The discrepancies may be explained by the fact that their protocol included less-structured activities, which could have increased the amount of error for the activPAL monitor. Similarly, Kozey-Keadle et al.
14 conducted a study to examine the validity of 2 monitors in classifying SB against direct observation as the criterion. They found that both the ActiGraph and the activPAL monitors underestimated time spent in SB by 4.9% and 2.8%, respectively. They also tested the monitors for their ability to detect changes between sedentary and active pursuits. They found that the activPAL was more precise in measuring time in SB and more sensitive in detecting reductions in sitting time. Even though the Kozey-Keadle et al. study 14 and the current study used different metrics (percentage bias vs. MPE) and outcomes (time spent in SB vs. EE), the results are similar in the sense that the activPAL monitor performed best when estimating SB.
Possible explanations for the measurement error observed in the current study are that arm movements related to certain activities might cause the SenseWear 2 not to differentiate arm movements during activities such as typing from free ambulation. In addition, a small range of motion for the hip while walking at slow speeds on the treadmill may cause the ActiGraph to misclassify some LPAs as SBs. Another possible explanation of error measurement for the ActiGraph relates to the characteristics of the Freedson prediction equation used to estimate EE values. 35 The Freedson equation was validated using treadmill walking and running activities ranging from 3 to 9 mph. The EE estimates may be less accurate with lowerintensity activities. We acknowledge the availability of other equations to estimate METs from the ActiGraph cpm in adults;
36-41 however, we are unaware of an equation to estimate EE during SB-to-LPA for the ActiGraph. Thus, we chose Freedson's equation 35 given its common use in the field and its validity (R 2 = 0.82; standard error of the estimate (SEE) = ±1.12 METs).
Among the 3 assessed WMs, only the activPAL was located in the anteromedial thigh. The activPAL showed the lowest amount of error compared with the other WMs (MPE = 14.89, MPE = 9.30 for SB and LPA, respectively). Thus, locating WMs in the lower limbs seemed to be more suitable when measuring SB and LPA. These findings need further confirmation by means of an WM placed in even more distal locations, such as the ankle. Alternatively, the activPAL may include a more sensitive transducer than the ActiGraph or SenseWear 2 WMs that may make it more suitable for measuring SB and LPA. 42 However, this assertion has to be tested, because we investigated the validity of the equations of each monitor not the transducer itself.
Interestingly, less error distribution was observed in the tested WMs for SB than for LPA. This was demonstrated by the Bland-Altman plots, which revealed narrower levels of agreement for SB than LPA. In particular, the lowest limits of agreement were for the activPAL as compared with the other WMs (0.55 METs for the SB and 1.31 METs for LPA). On the other hand, the heteroskedasticity test revealed that the variance of the residuals was not homogeneous for the activPAL and SenseWear 2 in SB. These results suggest a systematic bias in the 2 WMs for assessing SB. In other words, the activPAL and SenseWear 2 WMs seem to have positive bias with heterogeneous error variation when assessing SB. Future research should be conducted to assess the sources of variability on the measurement of SB.
Although all WMs had high test-retest reliability (ICC = 0.94, ICC = 0.97, ICC = 0.99, and ICC = 0.85 for the Oxycon Mobile, ActiGraph, activPAL, and SenseWear 2, respectively), all WMs showed low agreement with the criterion measure in classifying activities as either SB or LPA. When SB and LPA were combined into 1 category, the agreement of the WMs tended to be better than when evaluated separately (see kappa statistics in Table 3 ). In a similar manner, the accuracy of the devices seemed to improve when SB and LPA were combined (see sensitivity and specificity results in Table 3 ). This may have been due to having more data points with a greater range of values from low-to light-intensity EE. It may also be due to reduced variation in movement when performing SBs as compared with LPAs. These results highlight the importance of refining WM accuracy for the lower spectrum of the EE (sedentary to light).
When assessing the validity of WMs in measuring SB, researchers should pay special attention to criterion selection regarding the complexity of the behavior measured. Any waking behavior is characterized by an EE ≤1.5 METs while in a sitting or reclining posture. 43 As a consequence, and whenever possible, a combination of criterion measures should be considered (e.g., VO2 for EE and direct observation for postural allocation). In the current study we aimed to examine the accuracy of WMs in estimating EE of sedentary-to-light activities; thus, a criterion such as the VO2 was needed to detect small differences between SB and LPA. However, a more comprehensive approach in classifying SB and LPA should also include the assessment of posture to fully address the ability of a device to detect SB. Among the selected activities for the current study there was 1 activity, standing while reading, that we classified as an SB. We considered that the very low EE of 1.13 METs and the lack of motion made this activity more of an SB than an LPA. However, this assertion may not be applicable to everybody, because the EE for standing may differ according to individual characteristics. 44 There were several strengths to this study. First, participants wore the 3 WMs and the Oxycon Mobile simultaneously so each activity could be monitored within a laboratory setting. Second, activities were randomized to prevent systematic bias in the measurement, which allowed the results to improve in accuracy. Last, activities were selected to be near the light-intensity activity threshold of >1.5 METs. This insured that activities performed would aid in understanding the accuracy of estimating EE in the lower end of the spectrum (sedentary to light).
With respect to the results for EE estimations for this study, it should be noted that the participants' resting metabolic rates were not measured, and we used the standard MET value of 3.5 mL/kg/min to estimate resting EE units. This may have introduced error, resulting in an overestimation of resting EE (10% and 15% for men and women, respectively) as reported in a recent systematic review. 45 We also observed that the MET values in the lower levels of the intensity spectrum for SB activities were quite homogeneous, which implies the need to reduce the variance to obtain substantial agreement. Additionally, we would like to note that the 7 sedentary-to-light activities may not be representative of the whole spectrum of sedentary-to-light EE; however, they were thoughtfully selected and randomly assigned to avoid introducing systematic error. We acknowledge that the participants comprised a convenience sample of healthy adults and that data were obtained in a laboratory setting with staged activities, limiting generalization of the results to other populations (e.g., older adults). Missing data were caused by problems with WM initialization and an inability to save data to a spreadsheet. Although missing data are a limitation, the data loss was random and did not represent a systematic bias.
Conclusion
As growing evidence demonstrates the associations between SB and morbidity and mortality, more research and refinements in EE estimations and in the ability of WMs to record SB-to-LPA is needed. Based on equivalency testing, none of the WMs tested in this study was equivalent with the criterion measure of VO2 for estimating EE in SB-to-LPA. However, among the WMs tested, the activPAL had the highest overall criterion validity to measure both SB and LPA as compared with the ActiGraph and SenseWear 2 WMs. This study provides support for the use of activPAL in studying SB and LPA in healthy adults.
